In a study of regional variations in cardiovascular mortality in Great Britain during 1969-73 based on 253 towns the possible contributions of drinking water quality, climate, air pollution, blood groups, and socioeconomic factors were evaluated. A twofold range in mortality from stroke and ischaemic heart disease was apparent, the highest mortality being in the west of Scotland and the lowest in south-east England. A multifactorial approach identified five principal factors that substantially explained this geographic variation in cardiovascular mortality-namely, water hardness, rainfall, temperature, and two social factors (percentage of manual workers and car ownership). After adjustment for other factors cardiovascular mortality in areas with very soft water, around 0 25 mmol/l (calcium carbonate equivalent 25 mg/l), was estimated to be 10-15% higher than that in areas with medium-hard water, around 1-7 mmol/l (170 mg/l), while any further increase in hardness beyond 1-7 mmol/l did not additionally lower cardiovascular mortality.
Introduction
Over the past 20 years there has been considerable research into the relation between hardness of drinking water and cardiovascular disease.' 2 Although most studies have shown a negative association between water hardness and cardiovascular mortality, uncertainty remains about the magnitude of the effect and the extent to which other confounding factors such as climate and socioeconomic conditions might account for it. No convincing evidence exists showing which water parameters are responsible for the association. Thus whether there is a beneficial effect from bulk minerals (for example, calcium and magnesium) or a harmful effect from other minerals or trace elements (for example, sodium, lead, and cadmium) is unknown. Furthermore, it is not known whether the water effect is mediated by hypertension or some other risk factor for cardiovascular disease. Because of this uncertainty it has not been possible to recommend specific remedial measures.
The Regional Heart Study was undertaken to explain the substantial regional variations in coronary heart disease and stroke in Great Britain. The intention is to assess the role of environmental, socioeconomic, and personal risk factors on cardiovascular mortality and morbidity, with particular reference to the possible effects of water quality. The study falls into three main phases, although this report presents only the results and conclusions from phase 1 in 253 towns in England, Wales, and Scotland was related to a wide range of environmental, socioeconomic, and other data. Previous British studies examining the relation between cardiovascular mortality and water hardness have concentrated on the county boroughs of England and Wales.3 The present study, besides bringing research more up to date, also considerably expanded on this earlier work, since (a) it covered a much wider range of urban areas including Scotland, where cardiovascular rates are generally higher; (b) the water data were more detailed and reliable than previously; and (c) more extensive information on socioeconomic factors, weather, air pollution, and blood groups was incorporated. PHASE 2 From the broad data of phase 1, 24 Blood groups-National Blood Transfusion Service data on the ABO distribution by postal districts were converted to obtain the ABO distribution for each town. B-gene frequency varies little geographically, so that the main interest was the relative frequencies of A and 0 genes, 0 genes being more common in Scotland.
Air pollution-Data on air pollution were obtained from the annual reports for April 1968 to March 1974 of the National Survey of Smoke and Sulphur Dioxide (Warren Spring Laboratory). Six-year means of smoke and sulphur dioxide values were computed for each town by including all reporting sites that were not wholly industrial.
This was done for 134 of the towns, there being insufficient data for the remainder.
Diet, tobacco, and alcohol-No town-based data were available on diet, tobacco, and alcohol, but information was obtained for the 11 regions covering England, Wales, and Scotland. Sources included national surveys on food'0 and expenditure11 and the General Household Survey.12 Results
INITIAL IMPRESSIONS
In this study we concentrated initially on the SMRs for all cardiovascular disease in 1969-73 for men and women combined aged . The standard population used was the total of all 253 towns in the study, so that a SMR of 100 for a town would indicate that its mortality was the same as that for urban Britain as a whole. In view of the high correlation (r > 090) between mortality rates among men and women it seemed reasonable to consider both sexes together initially, though later analyses will relate to the separate causes (stroke and coronary heart disease), sexes, and age groups. The combined SMR had a twofold range from 69 in the London suburbs of Chigwell and Esher to 147 in the Glasgow suburbs of Hamilton and Dumbarton: this indicates that in these parts of Glasgow there was a 47% excess of cardiovascular deaths compared with the norm for urban Britain. Figure 1 shows the map of SMRs and indicates an appreciable geographic variation with generally high SMRs in Scotland, south Wales, and north-west England and low SMRs in south-east England. Figure 2 shows the map of total water hardness for towns in the study: soft water predominated in Scotland, Wales, and north-west and south-west England. The softest water supplies were in Glasgow and the aggregate Colwyn Bay, Conway, and Llandudno in North Wales, while the hardest were in Hartlepool and Ipswich. Table I lists 24 factors studied here, each of which had a marked association with cardiovascular mortality. The influence of climate was especially relevant, since high rainfall and areas with soft water tended to coincide (r= -0 70 between total hardness and days with over 0-2 mm rain). Thus it would have been naive to conclude that the simple relation shown in figure 3 implied a causal effect of water hardness on cardiovascular mortality. Instead, such initial impressions merely substantiated the need to consider water hardness as one of many factors (environmental, socioeconomic, and personal) that might influence cardiovascular mortality. This multifactorial approach, which is crucial to any serious study of cardiovascular disease, was undertaken by constructing statistical models using multiple regression techniques. The results are presented below.
Total hardness was not the only water parameter associated with Conversion: SI to traditional units-Water hardness: 1 mmol/l=calcium carbonate equivalent 100 mg/l. Figure 3 shows the association between the SMR and total hardness for 234 towns. Towns with soft water tended to have a higher cardiovascular mortality than towns with hard water, but there was a considerable scatter in SMRs at any given hardness. Exceptions existed: for instance, the North Wales aggregate with the softest water had a lower SMR (89) than Hartlepool (108), which had the hardest water. Nevertheless, all but one of the towns with SMRs over 120 had soft water (< 1 mmol (100 mg)/l) and 95% of the towns whose water hardness was over 2 mmol (200 mg)/l had SMRs less than 100. Figure 3 shows clearly the problems inherent in studies comparing two towns. Pairs of towns might easily be selected that would show that towns with soft water have lower mortality rates than those with hard water, or that differing levels of water hardness are associated with the same SMR. For this reason replication of towns in terms of cardiovascular mortality and water hardness is an essential feature of phases 2 and 3 of the Regional Heart Study.
Although there is a statistically significant association between cardiovascular mortality and water hardness, the relation does not allow for the effects of other factors on cardiovascular mortality. cardiovascular mortality. Each of the others, however, had a high correlation with total hardness, so that they did not necessarily give any extra insight into the specific nature of the effect of water. The correlation coefficients with total hardness were calcium +0 97, carbonate hardness +0 94, conductivity +0 93, % upland water -0-80, nitrate +077, silica +075, and Langelier index +0-73. In contrast, two water parameters (magnesium and sodium) that havepreviously been considered in relation to cardiovascular disease13 14 did not appear to have any obvious association with cardiovascular mortality in this study (r= -0-13 and -0-16 respectively). Nevertheless, these were only initial impressions, and the underlying relative importance of the various water parameters was assessed multifactorially. THE 
MULTIFACTORIAL APPROACH
We considered the extent to which water quality, climate, socioeconomic conditions, blood groups, and air pollution might simultaneously explain the variation between towns in cardiovascular mortality rates. We used the logarithm of the SMR for all cardiovascular disease in 1969-73 for men and women aged 35-74 as the dependent variable in a multiple regression model. Thus the effects of the various factors on mortality were assumed to be multiplicativethat is, the proportional effect of one factor (for example, water hardness) was assumed to be the same for towns with high or low levels of another (for example, rainfall). Furthe; investigation showed that the effect of water hardness was non-linear, being much greater in the range from very soft to mediumhard water than from medium to very hard water. Figure 4 shows the geometric mean SMR for cardiovascular disease for towns grouped according to water hardness both with and without adjustments for the effects of the four climatic and socioeconomic variables. (Analysis of covariance based on log SMR is the statistical method of adjustment, and geometric means arise as a consequence of this log transform, which eliminates skewness.) The adjusted SMR decreased steadily in moving from a hardness of 0.1 to 1-7 mmol (10 to 170 mg)/l but changed little in moving from 1-7 to 2-9 mmol (170 to 290 mg) or more/l. Importantly, adjusting for climatic and socioeconomic differences considerably reduced the apparent magnitude of the effect of water hardness. Regional information on diet for 1969-73 was obtained from natiohal food surveys.'0 The average dietary intake of total fats in ctual SMR for cardiovascular diseases plotted against SMR Scotland was slightly lower than that in south-east England and over I from five-variable model for 234 towns. 20 % lower than that in Wales, giving no support to the suggestion that the high incidence of cardiovascular disease in Scotland is related to excess fat consumption." This does not refute the role of high fat intakes in the development of ischaemic heart disease but indicates ardiovascular mortality than the model predicted. Furtherthat they do not account for regional variations in cardiovascular ch towns tended to occur in geographic clusters, implying diseases. The most noticeable difference in the Scottish diet was that e were some additional local factors that raised this mortality.
consumption of fresh fruit and green vegetables was less than half nerally, adjacent towns tended to have similar death rates, that in south-east England, as reported elsewhere.'4 This finding intend to investigate further this geographic clustering in might be related to the evidence that developme-nt of ischaemic and try accordingly to improve on our model. heart disease may be associated with a deficiency of linoleic and towns data for water calcium and magnesium were available linolenic acid,25 both of which occur in high concentrations in fresh y. Regression analysis indicated that magnesium did not fruit and vegetables.26 with cardiovascular mortality and that replacing total
The simple association between cardiovascular mortality and air by water calcium in the regression model only fractionally pollution, as measured by annual smoke levels ( Whether the apparent effect of water hardness on mortality is specific to cardiovascular disease is important, since a more general mortality effect has sometimes been suggested. '7 Table IV shows that recomputing the five-variable regression on the SMR for noncardiovascular mortality showed no effect for total hardness. The strength of effect on cardiovascular diseases, however, was sufficient to produce a significant relation between total hardness and total mortality. Socioeconomic effects were of paramount importance in explaining geographic variations in non-cardiovascular mortality, whereas the effect of climate was much reduced. Table IV shows that the effect of water hardness remained significant and of similar magnitude for both stroke and ischaemic heart disease. Water hardness above 1-7 mmol (170 mg)/l had a slight additional lowering effect on mortality from stroke, though the standardised regression effect (-3.0 %) was not significantly different from zero (0 1 <p <02). The climatic and socioeconomic effects also remained for these subdivisions of cardiovascular disease. The association between mortality and maximum temperature was greater for stroke than ischaemic heart disease. Further regression analysis showed that for men and women and for both age ranges 35-64 and 65-74 the effect of water hardness on geographic variations in cardiovascular mortality was of the same order of magnitude. The association between cardiovascular mortality and percentage of manual workers was greater in women than men, a finding compatible with a 1971 occupational mortality study.20 Lastly, the negative association between cardiovascular mortality and car ownership was greater in the under 65s than the 65-74 age group, possibly implying that the extra risk of cardiovascular disease in less affluent areas is most evident in the younger age groups.
ARTIFICIALLY SOFTENED WATERS
Thirteen towns included in this study had over 90 % of their water supply artificially softened. The softening process (either precipitation or ion exchange) had been operating for many years. Most of these towns were in south-east England, and although the water was softened, it was still harder than the upland waters in Scotland, Wales, and north-west England. The lowest levels of hardness of artificially softened water were 0-84 mmol (84 mg)/l in Dearne (Yorkshire) and 0 99 mmol (99 mg)/l in Leatherhead and Reigate (Surrey), while in six of these softened towns hardness was still above 1-7 mmol (170 mg)/l. We compared these 13 towns with adjacent towns with non-softened water matched for socioeconomic variables and found no increase in cardiovascular mortality. Indeed, Leatherhead, with softened water, had the third lowest mortality from cardiovascular diseases in the country. Given the relatively small estimated effect of soft water on cardiovascular mortality, which appeared to apply only below 1 7 mmol/l, it is not surprising that there was no effect of softening on cardiovascular mortality when only 13 towns were available for study.
Discussion
Our results show that after allowing for climatic and socioeconomic conditions a significant negative association remained between water hardness and cardiovascular mortality. This apparent effect of water hardness was present for stroke and ischaemic heart disease but not for non-cardiovascular disease. This study was more extensive and used more reliable data on water quality than previous studies of British regional variations in cardiovascular disease, and hence we were able to examine the form of the association between water hardness and cardiovascular mortality in greater detail. We concluded that the relation was non-linear; we estimated a 10-15%/ excess of cardiovascular deaths in areas with very soft water compared with areas of medium hardness, say 1-7 mmol (170 mg)/l, while there was no evidence of any extra decrease in cardiovascular mortality at hardness beyond this value.
We do not claim to have identified the exact shape of the underlying curve for cardiovascular mortality plotted against hardness, but we believe that it may smoothly approach a horizontal line (that is, constant cardiovascular mortality) at some point around 1 5-2 0 mmol (150-200 mg)/l of hardness (fig 4) . Rather than introduce more complex curvilinear regression methods, we thought that it was better to focus on 1-7 mmol/l, the mean level of hardness, as a convenient dividing point to show this non-linear effect.
One plausible explanation of this finding relates to the dietary intake of calcium. Thus, provided that total hardness was above 1-7 mmol/l, the intake of calcium and magnesium from water and food may have been sufficient to prevent any mineral deficiency related to cardiovascular risk. Indeed, at higher levels of hardness, as in Ipswich and Hartlepool, there may have been a considerable surplus intake of these minerals.
In this type of retrospective geographic study, no single water factor that is causing an increase in cardiovascular mortality can be isolated, since many of the water parameters are highly correlated with one another. Total hardness was the water factor that we used to show that the effect of water cannot be explained away by other environmental factors such as rainfall, though we could for example have shown this just as convincingly by using water calcium concentration or conductivity.
We expect that results from phases 2 and 3 of the Regional Heart Study will help to elucidate this relation further, particularly with regard to the role of trace elements in water (for example, lead and cadmium) and the possible effect of water factors on cardiovascular risk factors such as blood pressure.
Finally, the policy implications of this study should be considered. Given the following points, we do not consider that there is any immediate need for action regarding water supplies that are naturally soft, though the situation should be kept under review pending further research findings. (1) Clinical trials for the prevention of cardiovascular disease generally aim at a much greater-say 200°or more-reduction in mortality; (2) the potential risks from smoking, hypertension, hypercholesterolaemia, and physical inactivity are far greater than the apparent risk from drinking soft water; (3) there is at present no accepted physiological explanation for the relation; and (4) the nature of the "water factor" and duration of exposure necessary to produce an effect are both unknown. Our results have somewhat clarified the position on artificially softening water supplies, since we found no increase in cardiovascular mortality in 13 towns with softened water. Moreover, the evidence that there is no cardiovascular mortality gradient down to a water hardness of around 1-7 mmol/l gives additional support to the argument that softening to such medium hardness is acceptable. Whether it is acceptable to soften drinking water below this level, however, either at source or by domestic installations, remains uncertain.
